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ECOLOGY AND THERMAL INACTIVATION OF MICROBES I N  

AND ON INTERPLANETARY SPACE VEHICLE COMPONENTS 

A manuscript  e n t i t l e d  "The Inf luence o f  Spore Moisture Content 

on t h e  Dry Heat Resis tance o f  Bac i l lu s  a i ib t i l i s  var .  n iger"  has  been 

prepared.  This  manuscript  desc r ibes  the  techniques developed through 

Research P r o j e c t  R-36-015-001 f o r  measuring the  d r y  hea t  r e s i s t a n c e  of 

B. s u b t i l i s  va r .  n ige r  spores  located i n  and on var ious  ma te r i a l s .  I) and 

z values  a r e  presented f o r  these  spores  in  the  var ious  tes t  systems and 

the  manuscript  inc ludes  da t a  co l l ec t ed  during the  Eleventh Quarter (Octo- 

ber  1 - December 31, 1967). 

I 

- 

An explanat ion of t he  d i f f e rences  i n  hea t  r e s i s t a n c e  as  r e l a t e d  

t o  the  m a t e r i a l s  i n  o r  on which spores  are  located i s  o f fe red  and i s  con- 

cerned with spore moisture  content  o r  water a c t i v i t y .  

s e rves  a s  a summarization of the  f indings so f a r  observed on t h i s  p r o j e c t  

and may be viewed a s  a cur ren t  s t a t u s  repor t .  With t h i s  i n  mind, t he  

above t i t l e d  manuscript  i s  of fe red  a s  t h e  Eleventh Quar te r ly  Report of 

I 

I 
The manuscript  

Progress  and i s  a t tached .  

The Twelfth Quarter ly  Report of Progress  (January 1 - March 31, 

1968) w i l l  p r e sen t  da t a  on thermal r e s i s t ance  a s  a f f ec t ed  by var ious  r a t e s  

of spore  hydra t ion  and dehydration r e s u l t i n g  from s to rage  of spores  a t  

d i f f e r e n t  r e l a t i v e  humidi t ies .  I n  addi t ion ,  da t a  w i l l  be presented on 

t h e  e f f e c t s  of spore moisture content  on zD values .  
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The dry heat resistance of Bacillus subtilis var. niger spores 

located in or on various materials was determined as D and z values in 

the range of 105 through 160 C. 

on steel and paper strips, spores located between stainless steel washers 

mated together under 150 in.-lbs. and 12 in.-lbs. of torque and spores 

encapsulated in methylmethacrylate and epoxy plastics. D values for a 

given temperature varied with the test system. 

for the systems in which spores were encapsulated or under heavy torque, 

whereas, lower D values were observed for the steel and paper strip systems 

and the lightly torqued system. Similar z values were obtained for the 

plastic and steel strip systems (zD = 21 C) but an unusually low z for 

spores on paper (ZD- 12.9 C) and an unusually high z for spores on steel 

washers mated at 150 in.-lbs. of torque (ZD = 32 C) were observed. 

effect of spore moisture content on the D value of spores encapsulated in 

water impermeable plastic was determined and maximum resistance was ob- 

served for spores with a water activity (+) of 0.2 to 0.4. 

decreased D values were observed for spores with moisture contents below 

The systems tested included spores located 

High D values were observed 

The 

Significantly 



0.2 o r  above % 0.4. The d a t a  i n d i c a t e  t h a t  important f a c t o r s  to  be 

considered when measuring t h e  d r y  h e a t  r e s i s t a n c e  of spores  a r e  a )  t he  

f n i t i a l  moisture  conten t  of t he  spore;  b) t he  r a t e  of spore d e s i c c a t i o n  

du r ing  hea t ing ;  c) t h e  water r e t a i n i n g  capac i ty  of t he  material i n  o r  on 

which t h e  spores  a r e  loca ted ;  and d) t h e  r e l a t i v e  humidity of t he  system 

a t  t h e  test temperature.  

The dry  h e a t  s t e r i l i z a t i o n  cyc le s  p r e s e n t l y  employed have been em- 

p i r i c a l l y  der ived (14,22) and are too severe  t o  apply to  the  s t e r i l i z a t i o n  

of i n t e r p l a n e t a r y  spacec ra f t .  Because of t he  microbia l  contamination 

a s soc ia t ed  with the  i n t e r i o r s  of c e r t a i n  e l e c t r o n i c  p a r t s  (15), the  Nat ional  

Aeronautics and Space Adminis t ra t ion has  decided t h a t  i c t e r p l a n e t a r y  space- 

c r a f t  s h a l l  be s t e r i l i z e d .  

i l i z a t i o n  processes  t h a t  may be appl ied  to  s p a c e c r a f t  provided t h a t  time- 

temperature combina t ioacan  be developed t h a t  a r e  compatible wi th  maintain-  

i n g  t h e  func t iona l  p r o p e r t i e s  of e l e c t r o n i c  p a r t s .  

Dry h e a t  has  been assessed  as one of t h e  s t e r -  

I n  comparison to  t h e  accumulated knowledge of t he  f a c t o r s  t h a t  i n -  

f luence  microbial  r e s i s t a n c e  t o  w e t  h e a t  and except  f o r  t he  r e p o r t s  of 

Murre11 and Sco t t  (8,12) on the  e f f e c t s  of water a c t i v i t y ,  l i t t l e  i s  known 

of  t h e  f a c t o r s  t h a t  a f f e c t  microbia l  r e s i s t a n c e  t o  d r y  hea t .  I n  an at tempt  

t o  i d e n t i f y  some o f  these  f a c t o r s  and t o  gene ra t e  d a t a  t h a t  may be u s e f u l  

i n  developing spacec ra f t  s t e r i l i z a t i o n  cycles, t h i s  s tudy  has  been under- 

taken. This r e p o r t  desc r ibes  the  d r y  h e a t  r e s i s t a n c e  of mic rob ia l  spores  

i n  t h e  range of 105 t o  160 C a s  inf luenced  by i n i t i a l  spore  mois ture  con ten t  
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l and by systems which because of  t h e i r  phys ica l  c h a r a c t e r i s t i c s  e i t h e r  

permit  o r  r e t a r d  spore des i cca t ion  dur ing  heat ing.  

MATERIALS AND METHODS 

I Production of spores .  Bac i l l u s  s u b t i l i s  var.  n ige r  spores  were produced 

by su r face  c u l t u r e  on agar  medium ( S e i t z  f i l t e r e d  glucose,  0.25%; Casamino 

ac ids  ( tech . ) ,  0.25%; yeas t  e x t r a c t ,  0.59.; MnSO4.H2O, 0.001%; FeS04.7H20, 

0.00149.; agar ,  3%) i n  s i x  l i t e r  Pavi t sky  b o t t l e s  with 7 days incubat ion  

a t  35 C. The spores  were washed from t h e  su r face  with double d i s t i l l e d  

s t e r i l e  water ,  shaken with g l a s s  beads, f i l t e r e d  through co t ton  and held 

a t  45 C (waterbath) overnight .  The heated suspension was washed 5 t i m e s  

i n  400 m l  volumes of double d i s t i l l e d  s t e r i l e  water (4,080 x G f o r  20 min 

a t  5 C) and s to red  a t  5 C. 

so t h a t  a s i n g l e ,  pooled, s tock  spore suspension could be used throughout 

t h e  course of t h e  s tudy.  P l a t e  count values  of t h e  r e f r i g e r a t e d  s tock  

spore suspension prepared i n  t ryptone glucose beef e x t r a c t  agar (48 h r  

incubat ion  a t  35 C) obtained a t  var ious  i n t e r v a l s  over the  pas t  2-1/2 

years  has  revealed no change, with t i m e ,  i n  t he  number of spores  per  m l .  

Addi t iona l ly ,  no d i f f e r e n c e  i n  the  t o t a l  number of spores  pe r  m l  has  been 

observed over  t h e  same per iod f o r  heat-shocked (80 C f o r  10 min) versus  

non-heat shocked a l i q u o t s  of  t he  s tock  spore suspension. 

S u f f i c i e n t  spore crops were produced i n i t i a l l y  

S t e e l  and paper t e s t  sur faces .  By means of a microburet te  0.01 m l  a l i q u o t s  

I of  an appropr i a t e  aqueous d i l u t i o n  of the s tock  spore suspension were 

placed on one su r face  o f  1 x 1/4 inch strips of s t a i n l e s s  steel  (202, #4 

f i n i s h )  and f i l t e r  paper (Whatman #2) .  The s t r i p s  were placed i n  13 x 100 mm 
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b o r o s i l i c a t e  thermal death t i m e  (TDT) tubes which were then c o n s t r i c t e d  

t o  form a w e l l  i n  t he  upper t h i r d  of t he  tube. 

was placed i n  the  c o n s t r i c t i o n  and t h e  w e l l  was f i l l e d  with s i l i c a  g e l  

and loosely plugged with co t ton  (See Fig. 1). The tubes were placed i n  a 

forced a i r  oven a t  50 C f o r  1 h r ,  a f t e r  which they were placed i n  a des-  

i c c a t o r  over s i l i c a  g e l  and he ld  overnight  a t  20 C. 

tubes  were sea led  a t  t he  c o n s t r i c t i o n  with an oxy-gas torch .  

g e l  i n  t h e  we l l  above t h e  c o n s t r i c t i o n  prevented the  r e in t roduc t ion  of 

moisture  from the  ambient a i r  dur ing  sea l ing .  

A loose plug of g l a s s  WOO1 

l 

Following drying,  t h e  

The s i l i c a  

S t a i n l e s s  s t e e l  washers (202, #4 f i n i s h ,  1/2" O.D. and 1/4" I .D . )  

a l s o  were inocula ted  on one s u r f a c e  with 0.01 m l  of t he  aqueous spore sus-  

pension and d r i e d  a t  50 C f o r  1 h r  as descr ibed above. The dry ,  inocu- 

l a t e d  washers were mounted on t h e  male lug (See Fig. 2) with  the  inocula ted  

su r face  ad jacent  t o  the  uninoculated s u r f a c e  of a second washer. 

female lugs  were loose ly  threaded toge ther ,  placed i n  15 x 100 mm boro- 

s i l i c a t e  TDT tubes, and the  tubes and torque  wrench were sea led  i n  a poly-  

e thylene bag conta in ing  s i l i c a  g e l .  The f l e x i b l e  d e s i c c a t o r  was s to red  

over  n ight  a t  20 C. Working from o u t s i d e  of t he  p l a s t i c  bag, t he  u n i t s  

were torqued the  des i r ed  amount, t h e  bag was opened, and a c o n s t r i c t i o n  

was made i n  t h e  TDT tubes.  S i l i c a  g e l  was placed i n  t h e  upper w e l l  of  t he  

tubes,  and the  tubes were s to red  i n  a d e s i c c a t o r  over a i l i c a  g e l  overn ight  

a t  20 C, a f t e r  which the  tubes were sea l ed  a t  t h e  c o n s t r i c t i o n .  

the8e precaut ions  were taken t o  a s s u r e  t h a t  mois ture  from the  ambient a i r  

d i d  no t  contac t  t h e  d r i ed  spores  loca ted  on the  mated s u r f a c e s .  

Male and 

Again, 
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Fabr i ca t ion  of l u c i t e  (methylmethacrylate) rods.  To remove the  polymeri- 

za t ion  i n h i b i t o r ,  methylmethacrylate monomer was washed twice with equal  

volumes of 2% NaOH, followed by two add i t iona l  washings with equal  volumes 

of d i s t i l l e d  water .  The washed monomer was then mixed with an excess of 

anhydrous sodium s u l f a t e  (Na2S04) and allowed t o  s tand overnight  to  remove 

water .  

s to red  i n  t h e  aold ( 5  C) u n t i l  ready f o r  use.  

The sodium s u l f a t e  was removed by f i l t r a t i o n  and the  monomer was 

One m l  of an aqueous d i l u t i o n  of t h e  s tock  spore suspension was d i s -  

t r i b u t e d  over 50 grams of methylmethacrylate powder contained i n  a s t e r i l e  

dry ing  pan. The pan was placed i n  a forced a i r  d ry ing  oven f o r  30 minutes 

a t  50 C, removed and the  powder placed i n  a s ter i le  motar and ground by 

hand u n t i l  t he  d r i ed  spore inoculum appeared t o  be evenly d i s t r i b u t e d  

throughout t he  powder. 

an a d d i t i o n a l  30 minutes i n  the  oven, and once more ground. The des i r ed  

q u a n t i t y  of inocula ted ,  d r i e d  powder was weighed i n t o  a shallow pan and 

placed i n  a des i cca to r  over s i l i c a  ge l  and held overnight  a t  20 C. Follow- 

i n g  overn ight  s torage ,  t he  powder was t r ans fe r r ed  to a beaker and t o  each 

50 grams of powder, 50 m l  of methylmethacrylate monomer was added and mixed 

wi th  a spa tu l a .  Though some moisture  may have contacted the  inocula ted  

powder dur ing  the  t r a n s f e r  t o  the  beaker, i t  was assumed t h a t  a f t e r  t he  

a d d i t i o n  of  t he  monomer absorpt ion of moi s tu re  would be n e g l i g i b l e  because 

of t h e  r e l a t i v e  water impermeabili ty of t he  f in i shed  p l a s t i c .  The l i q u i d  

mix tu re  was placed i n  a vacuum f l a s k  and evacuated with a water pump u n t i l  

bubbles  no longer formed. The viscous, p a t t i a l l y  polymerized p l a s t i c  was 

poured i n t o  TDT tubes and the  tubes were co t ton  stoppered and placed i n  a 

The powder was re turned  t o  the  dry ing  pan, heated 
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50 C water bath f o r  2 h r  t o  complete t h e  polymerization. 

merizat ion,  t he  TDT tubes were sea led  i n  the  oxy-gas flame. This method 

c o n s i s t e n t l y  yielded l u c i t e  rods t h a t  were hard,  c l e a r ,  f r e e  of bubbles,  

and from which approximately 1 x lo8 spores  pe r  gram were c o n s i s t e n t l y  

recovered (See Recovery Methods). An a n a l y s i s  f o r  t he  d i s t r i b u t i o n  of 

spores  i n  t h e  rods revealed t h a t  no s i g n i f i c a n t  d i f f e r e n c e s  ((Y = 0.05) i n  

spore  concent ra t ions  were de tec ted  wi th in  a rod o r  among rods prepared 

from separa te  batches of p l a s t i c  and t h a t  t h e  v i a b l e  spore populat ion 

wi th in  t h e  rods remained s t a b l e  when t h e  rods were s to red  f o r  s eve ra l  days 

a t  room temperature.  

Following poly- 

Fabr ica t ion  of epoxy rods. 

mixing Scotchcast  E l e c t r i c a l  Resin No. 5 (Minnesota Mining and Manufactur- 

ing) Par t  A (syrup) with P a r t  B (hardner) i n  a 2 : l  r a t i o  i n  a beaker t h a t  

had been previous ly  coated with Mold Release 225 (Ram Chemicals, Inc . ) .  

The r e l ease  agent  was appl ied  t o  the  beaker with a co t ton  swab and the  

coated beaker was baked a t  107.2 C (225 F) fo r  1 h r .  The beaker of c a s t -  

i n g  syrup was placed i n  a 50 C water bath f o r  3 h r  dur ing  which t i m e  t h e  

p l a s t i c  polymerized. 

e l e c t r i c a l  sanding b e l t  and the  shavings were c o l l e c t e d ,  autoclaved f o r  

15 min a t  121 C, and d r i ed  overnight  i n  the  SO C forced a i r  oven. 

grams of shavings,  i n  a dry ing  pan, were inocula ted  with 

undiluted,  aqueous s tock  spore suspension.  The inoculum was d r i e d  and 

ground twice as descr ibed f o r  methylmethacrylate and s t o r e d  over s i l i c a  

gel  overnight  a t  20 C. 

So l id  blocks of epoxy p l a s t i c  were formed by 

The epoxy block was d i s i n t e g r a t e d  by means of an 

S ix teen  

6.4 m l  of t h e  

To each 16 grams of inocula ted  and des i cca t ed  
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shavings,  64 grams of Scotchcast  Resin Par t  A was added, mixed thoroughly,  

and followed by the  add i t ion  of 48 grams of P a r t  B. 

ula ,  was continued u n t i l  t he  whole appeared homogenous. 

evacuated s i m i l a r l y  t o  methylmethacrylate,  poured i n t o  co t ton  stoppered 

TDT tubes  t h a t  had been previous ly  coated with r e l e a s e  agent  ( see  above) 

and placed i n  t h e  50 C water bath for 3 h r  t o  polymerize. Following poly- 

mer iza t ion ,  t h e  tubes were sea led  i n  the oxy-gas flame. This  method con- 

s i s t e n t l y  yielded rods t h a t  were r i g i d ,  c l e a r ,  f r e e  of bubbles, and from 

which approximately 1 x lo8 spores  pe r  gram were recovered c o n s i s t e n t l y  

(See Recovery Methods). 

Mixing, with a spa t -  

The syrup was 

E q u i l i b r a t i o n  of spore moisture  content .  

of aqueous s o l u t i o n s  and is defined as aw = p/po, where p and po a r e  the  

Water a c t i v i t y  (aw) i s  a proper ty  

vapor p re s su re  of t he  s o l u t i o n  and solvent ,  r e spec t ive ly .  The connection 

between r e l a t i v e  humidity and water a c t i v i t y  i s  t h a t  a, is  numerically 

equal  t o  the  r e l a t i v e  humidity expressed as the  f r a c t i o n  RH/100. Under 

cond i t ions  of r a t e r  vapor equi l ibr ium o r  equi l ibr ium r e l a t i v e  humidity, 

t he  terms +, RH, and ERH a r e  interchangeable  and d e f i n e  each o the r .  

a d e t a i l e d  d iscuss ion  of t he  aw concept, see  Sco t t  (20,21). 

For 

To determine the  e f f e c t  of spore moisture  conten t  on r e s i s t a n c e ,  

methylmethacrylate powder was inoculated and d r i ed  a s  descr ibed above. 

The d e s i r e d  q u a n t i t y  (50 g) of d r i e d  and inocula ted  powder was placed i n  

a pan and spread out  t o  achieve a shallow l aye r  of powder. The pan was 

p laced  i n  a des i cca to r  conta in ing  500 m l  of a s a t u r a t e d  sa l t  s o l u t i o n .  

The d e s i r e d  s a t u r a t e d  s a l t  s o l u t i o n  required to  y i e l d  a vapor p re s su re  

of known water a c t i v i t y  (aw) o r  equi l ibr ium r e l a t i v e  humidity (Em) a t  
-7 -  



25 C i n  a sea l ed  con ta ine r  was s e l e c t e d  from Robinson and Stokes (18). 

The d e s i c c a t o r  was sealed and s to red  f o r  14 days a t  25 C f 0.5 C a f t e r  

which 50 m l  of methylmethacrylate monomer was added t o  t h e  e q u i l i b r a t e d  

powder immediately upon removal of t he  d e s i c c a t o r  l i d .  

formed from t h i s  m a t e r i a l  and sealed i n  TDT tubes as previously descr ibed.  

L u c i t e  rods were 

Determination of dry-heat  r e s i s t a n c e .  

var ious inoculated test  m a t e r i a l s  were heated by complete immersion i n  a 

s i l i c o n e  bath ope ra t ing  a t  t he  des i r ed  test  temperatures (t 0.1 C) .  

lowing the  h e a t  exposure, t h e  TDT tubes were plunged imnediately i n t o  ice- 

water t o  coo l  f o r  15 min followed by washing i n  de t e rgen t  s o l u t i o n  to  

remove the s i l i c o n e .  After washing and r i n s i n g ,  t he  tubes were immersed 

i n  s a t u r a t e d  a l c o h o l i c  i od ine  s o l u t i o n  f o r  10 min, d r i e d  with s t e r i l e  

towels, scored, and snapped open. The a o n t e n t s  were removed a s e p t i c a l l y  

and examined b a c t e r i o l o g i c a l l y  a s  descr ibed under Recovery Methods. Heat 

pene t r e t ion  curves were obtained f o r  each tes t  m a t e r i a l  and c o r r e c t i o n s  f o r  

l e t h a l i t y  during "heat-up" and "cool-down" were ca l cu la t ed  by the  g r a p h i c a l  

method (1). These c o r r e c t i o n s  were app l i ed  whenever the  combined "heat-up" 

and "cool-down" t i m e  was equ iva len t  t o  o r  exceeded t h r e e  pe r  c e n t  of  t he  

t o t a l  experimental t i m e  exposure. 

Repl icate  TDT tubes con ta in ing  the  

Fol- 

Calculat ion of D and z values .  I d e n t i c a l  experiments (I and 11) were 

dupl icated for each test temperature. 

a t  each exposure t i m e  w i th in  an experiment. 

(a1 and a 2 ; b l  and b2), were obtained f o r  each of  t h e  pa i r ed  samples. Th i s  

r e su l t ed  i n  the use of  four obse rva t ions  pe r  t i m e  i n t e r v a l  f o r  each of  t h e  

Pa i r ed  samples (a and b) were t e s t e d  

P l a t e  counts ,  i n  d u p l i c a t e ,  
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pa i r ed  samples i n  a given experiment. Linear r eg res s ions  were ca l cu la t ed  

f o r  t he  d a t a  from each experiment. The regress ion  so obtained w a s  t e s t e d  

f o r  homogeneity o f  r eg res s ion  to  the  d a t a  obtained for t h e  second exper i -  

ment a t  t he  same temperature.  A t  times, a ntnhoaageaei ty  of r eg res s ion  

was observed €or the  d a t a  from dupl ica ted  experiments.  I n  these  in s t ances ,  

t he  experiments were repeated wi th  s p e c i a l  c a r e  t o  observe good l abora to ry  

technique and nonhomogeneity of  regress ion  was e l imina ted .  The propor t ion  

of t he  sum of squares  of dev ia t ions  (R2) due t o  l i n e a r  r eg res s ion  were 

c a l c u l a t e d  a s  we l l  a s  t he  D value ( the  time i n t e r v a l  a t  t he  t e s t  tempera- 

t u r e  requi red  to  o b t a i n  a 90% reduct ion  i n  t h e  number of v i a b l e  spores) 

and t h e  95% confidence i n t e r v a l  f o r  t he  D va lue .  

( s lope  of  t h e  thermal d e s t r u c t i o n  curve o r  t he  number of degrees  requi red  

fior the  thermal d e s t r u c t i o n  curve to  t r ave r se  one log cycle)  l i n e a r  r e -  

g re s s ions  were ca l cu la t ed  of t he  D values  so der ived .  

and assumptions f o r  f i t t i n g  l i n e a r  regress ion ,  t e s t i n g  of homogeneity, and 

c a l c u l a t i n g  confidence i n t e r v a l s  were t h a t  of Ostle (13). 

To o b t a i n  ZD values  

The genera l  method 

Recovery Methods. 

buf fered  d i l u t i o n  water (17) contained i n  a micro-Waring Blendor cup and 

Paper s t r i p s  were placed i n  100 m l  of steri le phoephate 

were blended f o r  two minutes a t  slow speed. Addi t iona l  ten- fo ld  s e r i a l  

d i l u t i o n s  were prepared in t he  same buf fe r  and p l a t ed  i n  t ryptone,  glucose,  

beef e x t r a c t  agar .  

35 c. 

The p l a t e s  were counted a f t e r  incubat ion  f o r  48 h r  a t  

S t e e l  s t r i p s  and washers were examined by p lac ing  the  ind iv idua l  

s t r i p s  o r  washers i n  sepa ra t e  15 x 150 mm t e s t  tubes conta in ing  e t h e r  5 m l  

(washers) or 6 m l  ( s t r i p s )  of phosphate buffered d i l u t i o n  water .  The tubes 
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were placed i n  an u l t r a s o n i c  bath (power output  of 300 watts a t  a frequency 

o f  25 KC/sec) and t r e a t e d  for 12 minutes. A d i l u t i o n  p l a t e  count of t h e  

l i qu id  con ten t s  of t h e  tubes was made as  descr ibed f o r  paper. 

Luc i t e  rods were removed a s e p t i c a l l y  from the  TDT tubes,  placed 

i n  a s te r i le  screw capped tube and weighed. 

a s e p t i c a l l y  introduced through an e n t r y  p o r t  t o  a modified Waring Blendor 

cup containing 200 m l  of s te r i le  acetone (See Fig.3). 

c a t i o n  cons i s t ed  of a s t a i n l e s s  s tee l  d i s c  t h a t  had been c u t  from a vege- 

t a b l e  g r a t e r  and mounted i n  p l a c e  of  t he  r o t a r y  knives.  

t h e  j a r  cons i s t ed  of  a threaded l i d  f i t t e d  with a p i e c e  o f  1/2 inch diameter 

s t a i n l e s s  s teel  tubing ( t h e  e n t r y  p o r t )  t h a t  p ro j ec t ed  through the  l i d .  

The exposed end of  t h e  steel  tubing was f i t t e d  with a Morton c l o s u r e  and 

t h e  open end, i n s i d e  t h e  blendor cup, was pos i t i oned  approximately 3/16 

of an inch above t h e  g r ind ing  d i s c  (See Fig.4) .  

dropped down t h e  s teel  tubing and a s t e r i l e  s t ee l  rod was i n s e r t e d  t h a t  

acted a s  a p i s t o n  t o  d r i v e  the  rod a g a i n s t  t h e  g r ind ing  d i s c  (See Fig.5).  

Approximately 1/2 inch of  p l a s t i c  was ground from t h e  rod and t h e  remainder 

of t h e  rod was withdrawn from t h e  tubing by impaling i t  with an elongated 

s t e r i l e  bodkin. 

and the  blendor was placed upon a r e c i p r o c a t i n g  shaker  (144 s t r o k e s  p e r  

min.) f o r  1/2 hour a t  room temperature du r ing  which t i m e  t h e  p l a s t i c  shav- 

i n g s  were completely dissolved.  

con ten t s  were prepared i n  s te r i le  acetone and one m l  o r  more, as  appropri-  

ate,  of t h e  d i l u t i o n  was passed through a Gelman alpha 6 metricel membrane 

f i l t e r  followed by two 10 m l  r i n s e s  with s te r i le  acetone.  

Af t e r  weighing, t h e  rod was 

The blendor modifi-  

The c l o s u r e  f o r  

The p l a s t i c  rod was 

The e n t r y  p o r t  was aga in  sea l ed  with t h e  Morton c l o s u r e  

S e r i a l  t en - fo ld  d i l u t i o n s  of t h e  blendor 

The membrane was 
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placed i n  a s t e r i l e  P e t r i  d i s h  t o  dry.  

30 seconds, a f t e r  which the  membrane was o v e r l a i d  with approximately 20 m l  

Drying was completed usua l ly  wi th in  

I 
I of s ter i le  t ryptone,  glucose beef e x t r a c t  agar .  The membranes were incu-  

bated f o r  18 t o  24 hours  a t  35 C and co lon ie s  counted (See Tables 1 and 2 

f o r  t h e  e f f e c t  of acetone on t h e  outgrowth and c o l o n i a l  development of h e a t  

t r e a t e d  spores) .  

g r ind ing  and t h e  number of surv iv ing  spores  pe r  gram of p l a s t i c  was ca lcu-  

l a t e d .  

I 

I 

The weight of t h e  p l a s t i c  rod was again obtained a f t e r  

Epoxy rods  a l s o  were placed i n  tubes and weighed. Af te r  weighing, 

t h e  rod was i n s e r t e d  i n t o  the  e n t r y  port of t he  modified Waring Blendor 

descr ibed  above. I n  t h i s  case ,  however, t h e  s t a i n l e s s  steel g r ind ing  d i s c  

used t o  d i s i n t e g r a t e  methylmethacrylate rods  was replaced with a d i s c  of 

220 A g r i t  s i l i c o n  carb ide  gr inding  paper t h a t  had been previous ly  leached 

to  remove so lub le  tox ic  r e s idues  (100 discs autoclaved i n  5 liters of d i s -  

t i l l e d  water ,  followed by d i s t i l l e d  water r i n s i n g  and a i r  d ry ing) .  

blendor cup contained 200 m l  of s t e r i l e  t ryptone,  glucose beef e x t r a c t  

b ro th  wi th  0.0042 Dow Corning antifoam AF added. A one-half  inch s e c t i q n  

of t he  rod was ground by applying a 2000 gram weight t o  the  p i s ton .  Ten- 

f o l d  s e r i a l  d i l u t i o n s  were prepared of t h e  ground suspension i n  phosphate 

buf fered  water  and were p la t ed  i n  t ryptone,  glucose beef e x t r a c t  agar  made 

up to  c o n t a i n  5 ml of Tween 80 and 0.7 gram of Asolect in  per  l i t e r  (phenol 

n e u t r a l i z e r ) .  

The 

The p l a t e s  were incubated 72 hours  a t  35 C and counted. 
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I 

RESULTS 

Survivor  curves of E .  s u b t i l i s  var .  n ige r  spores  were p l o t t e d  from 

t h e  da t a  obtained i n  each hea t ing  experiment. With the  except ion of  t h e  

l u c i t e  system, a s t r a i g h t  l i n e ,  logari thmic o rde r  of death was observed 

f o r  a l l  the  s y s t e m s .  

i n  which the  l i n e a r  regress ion  of t h e  s u r v i v a l  p o i n t s  is represented by 

t h e  s o l i d  l i n e  and the  959. confidence i n t e r v a l  f o r  the  l i n e a r  r eg res s ion  

is presented a s  t he  dashed l i n e s .  The l u c i t e  curves  t y p i c a l l y  were d i -  

phas ic  and a sharp decrease i n  numbers (approximately 99%) was noted dur ing  

t h e  i n i t i a l  hea t ing  period followed by a slower r a t e  of dea th  f o r  t he  re- 

A t y p i c a l  curve is presented i n  Figure 6 (epoxy 115 C) 

2 mainder of t he  exposure. The R value  f o r  t h e  l u c i t e  experiments o f t e n  

was .90 or more d e s p i t e  t he  i n i t i a l  d i e -o f f  and D va lues  were ca l cu la t ed  

s i m i l a r l y  to  those f o r  t h e  o t h e r  systems. 

The D values  f o r  t he  t e s t  spores  obtained with t h e  va r ious  sys t ems  

a r e  presented i n  Table 3. 

var i ed  with the  c a r r i e r  i n  o r  on which t h e  spores  were loca ted .  Spores 

encapsulated i n  p l a s t i c s  o r  trapped between s t a i n l e s s  s t ee l  s u r f a c e s  under 

heavy torque (150 inch-pounds) d i sp layed  g r e a t e r  r e s i s t a n c e  than those  

located on paper and on s t a i n l e s s  steel s t r i p s  o r  loca ted  between s t ee l  

su r faces  under l i g h t  torque (12 inch-pounds). For  example, a t  125 C, an 

approximate 38-fold inc rease  i n  r e s i s t a n c e  was noted f o r  spores  encapsu- 

l a t e d  i n  epoxy versus  t h a t  observed f o r  spores  on s t a i n l e s s  s tee l  s t r i p s .  

The r e l a t i v e  r e s i s t a n c e  of  t h e  spores  a t  135 C f o r  t h e  va r ious  t e s t  s y s t e m s  

is presented g raph ica l ly  i n  Figure 7 .  

Spore r e s i s t a n c e  t o  a given d ry  h e a t  temperature 
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Thermal d e s t r u c t i o n  (TD) curves and t h e i r  corresponding zD values  

were ca l cu la t ed  from l i n e a r  r eg res s ions  of t he  semilogari thmic p l o t  of D 

values  and t h e i r  corresponding temperatures.  The values  so obtained along 

with t h e i r  9511 confidence i n t e r v a i s  a r e  presented i n  Table 4, whereas, 

t he  curves der ived  from these  p l o t s  a r e  depicted i n  Figure 8. 

s i o n  to  the  Fahrenhei t  s c a l e  and with the except ion of t he  paper d a t a ,  

t hese  va lues  a r e  l a r g e  (38 t o  58 F) i n  comparison t o  the  ZD va lue  of 16 

t o  20 F i n  the  temperature range of 220 t o  270 F as soc ia t ed  with spores  

subjec ted  to  w e t  h e a t  systems (19). 

paper system (ZD = 12.9 C or 23.2 F) approximates t h a t  of a w e t  h e a t  system. 

I 
On conver- 

By way of c o n t r a s t ,  t he  va lue  f o r  t he  
I 

The in f luence  of water a c t i v i t y  upon the  d ry  h e a t  r e s i s t a n c e  of 

spores  encapsulated i n  luc i te  i s  shown i n  Figure 9. 

t h a t  spo res  of in te rmedia te  moisture content  a r e  more r e s i s t a n t  than spores  

of lesser or g r e a t e r  moisture  conten t .  

range o f  0 .2  t o  0.4 + and an approximate 8 - fo ld  inc rease  i n  r e s i s t a n c e  

was noted between minimally r e s i s t a n t  (0.9 aw, D135 = 10.9) and maximally 

r e s i s t a n t  (0.4 a,, D135 = 88.7) spores .  

These d a t a  i n d i c a t e  

Maximum r e s i s t a n c e  occurred i n  the  

DISCUSSION 

Before proceeding with a d i scuss ion  of t he  r e s u l t s  ou t l i ned  above, 

i t  may be w e l l  t o  review momentarily the d e f i n i t i o n  of d ry  h e a t  and some 

of  t h e  r e c e n t  f i nd ings  p e r t a i n i n g  to  spore permeabi l i ty  and water a c t i v i t y .  

I The term "dry heat"  obviously implies  t h e  a p p l i c a t i o n  of hea t  i n  the  
I 
I absence of water.  On c lose r  examination, however, one becomes aware t h a t  

some f i n i t e  va lue  mus t  be e s t ab l i shed  to  d e f i n e  the  term "dry" o r  r a t h e r  

i t s  a n t i t h e s i s  "wet". A wet- or moist-heat  s t e r i l i z a t i o n  cyc le  may be 
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defined a s  one i n  which the  organism is i n  contac t  with an environment 

wi th  a water a c t i v i t y  of 1.0 o r  a water -sa tura ted  atmosphere. 

d i t i o n s  a r e  met on ly  when t h e  organism is heated i n  con tac t  wi th  pure 

water o r  s a tu ra t ed  steam. 

h e a t  is not  an equal ly  s p e c i f i c  condi t ion ,  but  r a t h e r  a range of condi t ions  

t h a t  inc ludes  such f a c t o r s  a s  t he  moisture  conten t  of t he  microorganisms 

p r i o r  t o  and dur ing  hea t ing ,  t he  water vapor p re s su re  and flow r a t e  of t he  

gaseous atmosphere i n  con tac t  with the  microorganisms, the  chemical and 

phys ica l  composition of t h e  m a t e r i a l  on o r  i n  which the  spores  a r e  loca ted ,  

and t h e  t o t a l  p re s su re  of t he  system. 

These con- 

This  d e f i n i t i o n  of w e t  h e a t  impl ies  t h a t  d ry  

The works of Gerhardt and Black and t h e i r  a s s o c i a t e s  ( 2 , 3 , 4 , 5 ) ,  of 

Murrel l  and S c o t t  ( 9 ) ,  Murre l l  ( l o ) ,  Murre l l  and Warth (ll), and of Lewis 

and co-workers ( 6 )  have demonstrated t h a t  spores  a r e  h igh ly  permeable and 

t h a t  a f r e e  exchange of water  occurs between the  spore and i t s  environment. 

The water a c t i v i t y  of spores  may be expected, t he re fo re ,  to  change i n  r e -  

l a t i o n  to  the  water a c t i v i t y  of t he  suspending f l u i d  o r  with the  r e l a t i v e  

humidity of the  atmospheric environment. The a b i l i t y  of spores  t o  come 

t o  water vapor equi l ibr ium with t h e i r  environment i s  an important  cons ider -  

a t i o n  i n  e s t a b l i s h i n g  dry  h e a t  s t e r i l i z a t i o n  cyc le s  a8 has  been demon- 

strated by Murrel l  and S c o t t  (8,12) i n  experiments which revea led  t h a t :  

a) t h e  amount of moisture  a s soc ia t ed  wi th  spores  as a r e s u l t  of e q u i l i b r a -  

t i o n  t o  var ious  water a c t i v i t i e s  p r i o r  to  h e a t i n g  a f f e c t s  d ry  h e a t  resist- 

ance; b) spores  of in te rmedia te  mois ture  con ten t  (0 .2 to  0.4 a,) a r e  more 

r e s i s t a n t  than spores  of g r e a t e r  o r  lesser mois ture  con ten t ;  and c) i n -  

creased D values  may be expected when spores  of i n t e rmed ia t e  water  a c t i v i t y  
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a r e  subjec ted  to  d ry  hea t ing  condi t ions  t h a t  prevent  a change i n  the  

moisture  conten t  of t he  spores  du r ing  hea t ing .  

The above information i s  u s e f u l  i n  i n t e r p r e t i n g  the  r e s u l t s  pre-  

sented e a r l i e r .  I n  a l l  t he  experiments,  except those in which the  water 

a c t i v i t y  of spores  i n  l u c i t e  purposely was var ied ,  an at tempt  was made 

t o  achieve an i n i t i a l l y  uniform, but  unfor tuna te ly  unknown, mois ture  con- 

t e n t  f o r  spores  i n  a l l  t he  systems t e s t ed .  Precaut ions  were taken t o  

prevent  o r  a t  l e a s t  minimize any g ross  change i n  moisture  conten t  of t he  

spores  or t h e  c a r r i e r  systems dur ing  manipulations.  Addi t iona l ly ,  pre-  

v ious  tests had demonstrated t o  our s a t i s f a c t i o n  t h a t  t he  spore c a r r i e r s  

were non-toxic  and t h a t  q u a n t i t a t i v e  recovery of su rv ivo r s  was being 

achieved. 

(Fig.  9) r e v e a l  t h a t  one of t he  f a c t o r s  which a f f e c t s  d ry  h e a t  r e s i s t a n c e  

The da ta  of Murre11 and Sco t t  (8,12) and those  of t h i s  s tudy 

of spores  i s  water a c t i v i t y  o r  t he  moisture conten t  of t he  spore p r i o r  t o  

and dur ing  hea t ing .  

were equ iva len t  a t  t he  beginning of each of t he  hea t ing  t e s t s  reported 

h e r e i n  and the  systems were non-toxic,  an explana t ion  must be sought f o r  

t he  d i f f e r e n c e s  i n  r e s i s t a n c e  noted for t he  var ious  systems (Fig. 7 ) .  

I f  t he  moisture  content  of t he  spores  and the  systems 

Spores t h a t  have been d r i ed  on sur faces  and s to red  and sea led  i n  

TDT tubes  i n  t h e  manner descr ibed e a r l i e r  i n  t h i s  r e p o r t  a r e  i n  water 

vapor equi l ibr ium with the  gaseous environment wi th in  the  sea led  tube. 

The equ i l ib r ium r e l a t i v e  humidity within the  tube i s  temperature dependent 

and as t h e  temperature inc reases  i n s i d e  the  tube, a s  a r e s u l t  of immersion 

i n  t h e  s i l i c o n e  bath, t he  moisture  bear ing capac i ty  of t h e  gas  inc reases  

and t h e  r e l a t i v e  humidity decreases .  This r e s u l t s  i n  the  d i f f u s i o n  of 
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of moisture from the  spore t o  the  hot  gaseous environment. 

cont inues u n t i l  t he  tube con ten t s  a t t a i n  the  bath temperature a t  which 

t i m e  a new water  vapor equi l ibr ium i s  achieved. 

t u r e  content  of  t he  spores  and the  r e l a t i v e  humidity of t h e  system is  

g r e a t l y  reduced. 

hea t ing ,  Murrel l  and S c o t t  (12) heated spores  i n  sea led  tubes conta in ing  

s a l t  so lu t ions  t h a t  maintained the  same aw dur ing  hea t ing  as t h a t  t o  which 

the  spores were i n i t i a l l y  ad jus ted .  

This  process  

A t  t h i s  po in t ,  t he  mois- 

To prevent  t h i s  change i n  spore  moisture  conten t  dur ing  

Another method of prevent ing  spore 

I water  l o s s  dur ing  hea t ing  may be accomplished by encapsula t ing  spores  i n  

non-permeable p l a s t i c s .  Methylmethacrylate absorbs from 0.3 t o  0.4 per  

cent  moisture  a f t e r  innnersion i n  water f o r  24 hours  a t  room temperature,  

whereas, epoxy absorbs from 0.05 to  0.1 per  cen t  mois ture  under the  same 

condi t ions  (16). Because of t h e i r  impermeabili ty,  t he  d i f f u s i o n  of water 

from the spores  t o  the  p l a s t i c ,  o r  t he  r eve r se ,  would be n e g l i g i b l e .  

That l i t t l e ,  if any, water loss dur ing  hea t ing  occurred i n  spores  

encapsulated i n  p l a s t i c  i s  made ev ident  by a comparison of t he  d a t a  i n  

Fig. 9 to those of Murrel l  and S c o t t  (12) which were c o l l e c t e d  i n  a system 

employing a c o n t r o l l i n g  s o l u t i o n  t h a t  maintained the  d e s i r e d  vapor p re s su re  

a t  t h e  test temperature.  The shape of t he  su rv ivo r  curves  observed by 

both s e t s  of experimentors is s i m i l a r  and both groups observed maximum 

spore r e s i s t a n c e  i n  the  range of 0 . 2  to  0.4 aw. 

conclude t h a t  t h e r e  appears  t o  be a c r i t i c a l  mois ture  con ten t  of spo res  

which provides them maximum p r o t e c t i o n  under d r y  hea t ing  cond i t ions .  

moisture  conten t  is equiva len t  t o  t h a t  o b t a i n a b l e  by spores  when they a r e  

equ i l ib ra t ed  a t  r e l a t i v e  humidi t ies  of  20 to  40% (aw 0.2 to  0.4) and 

From these  d a t a ,  one may 

This  
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according t o  Marshal l  et &. (71,  t h i s  moisture  conten t  i s  i n  the  range 

I of  5 . 5  t o  12.4 pe r  cen t  of  t he  d ry  weight of t he  spores ,  depending on 

I 
I t he  spec ie s .  

The d i f f e r e n c e s  i n  r e s i s t a n c e  dieplayed by the  spores  loca ted  i n  

o r  on the  va r ious  test m a t e r i a l s  (Fig.7) may be r e l a t e d  t o  the  r a t e  a t  

which t h e  spore moisture  conten t  was reduced dur ing  hea t ing .  

represented  by steel and paper s t r i p s  would be expected t o  g ive  up t h e i r  

water  t o  the  h o t  a i r  r ap id ly ,  with consequent d e s i c c a t i o n  of t he  spores  

on t h e i r  su r f aces .  Water would d i f f u s e  from mated su r faces  more s lowly 

than from naked su r faces  a s  a func t ion  of t he  mating pressure,  and water  

would d i f f u s e  extremely s lowly  from the p l a s t i c s .  

water  from the  spore  to  the  h o t  atmosphere wi th in  the  sea led  tube would 

resu l t  i n  rap id  spore d e s i c c a t i o n  to  moisture con ten t s  below some c r i t i c a l  

level (presumably aw 0 . 2 )  a t  which point  rap id  d e s t r u c t i o n  r a t e s  occur 

(low D values) .  

t u r e  con ten t  dur ing  hea t ing  r e s u l t  i n  slower spore  d e s t r u c t i o n  r a t e s  

(high D values) .  It appears l o g i c a l  then t o  a t t r i b u t e  the  d i f f e r e n c e s  

i n  D va lues  shown i n  Fig. 7 t o  t h i s  mechanism r a t h e r  than to  some unknown 

c h a r a c t e r  of  t h e  m a t e r i a l  i n  o r  on which the  spores  were located.  

Naked systems 

Rapid d i f f u s i o n  of 

Systems which r e t a r d  o r  prevent  a change i n  spore mois- 

A D value  i s  a measure of t he  r a t e  of death of an organism a t  a 

given  temperature (time required t o  ob ta in  a 90% reduct ion) ,  whereas, a 

z va lue  i s  a measure of t h e  change i n  r a t e  of d e s t r u c t i o n  with temperature 

I and mathematical ly  is  equal  t o  the  r ec ip roca l  of t h e  s lope  of t he  thermal 

d e s t r u c t i o n  curve (TD). The TD curve i s  constructed by p l o t t i n g  D values  

l o g a r i t h m i c a l l y  and temperature a r i t h m e t i c a l l y .  Though the  D values  



observed f o r  each of t h e  sys t ems  d i f f e r e d  considerably ind ica t ing ,  a s  

previously mentioned, a c a r r i e r  r e l a t e d  e f f e c t  t h a t  may be due t o  the  

d i f f e rences  i n  t h e  water r e t e n t i o n  c a p a c i t i e s  of t h e  systems, i t  i s  note- 

worthy t h a t  t he  change i n  d e s t r u c t i o n  ra te  with temperature (2) essen-  

t i a l l y  was s i m i l a r  f o r  t h e  p l a s t i c  and s t e e l  s t r i p  s y s t e m s  (zD = 21 C) 

bu t  q u i t e  d i f f e r e n t  f o r  t h e  paper (zD = 13 C) and mated su r face  (zD = 32 C) 

systems. These d i f f e r e n c e s  i n d i c a t e  t h a t  t he  " k i l l  mechanism" may vary 

among systems. 

" k i l l  mechanism", whereas, t he  high zD value  f o r  mated su r faces  i s  ind ica -  

t i v e  of a mechanism d i s t i n c t  from t h a t  observed i n  any of the  o t h e r  s y s -  

t e m s .  I n s u f f i c i e n t  information i s  a v a i l a b l e  p r e s e n t l y  t o  expla in  the  

d i f f e rences  i n  observed ZD values .  

e s t a b l i s h  t h e  r e l a t i o n s h i p  between zD and spore  moisture  conten t  and t o  

e s t a b l i s h  whether s i g n i f i c a n t  d i f f e r e n c e s  e x i s t e d  i n  t h e  r e l a t i v e  humid- 

i t i e s  wi th in  the  sea led  TDT tubes of t he  systems s tudied .  

For example, t h e  zD value  f o r  paper i n d i c a t e s  a wet h e a t  

S tud ie s  are i n  progress ,  however, t o  

For t h e  present ,  then, t he  r e s u l t s  repor ted  h e r e i n  i n d i c a t e  t h a t :  

a) the  i n i t i a l  moisture  conten t  of t he  spores ;  b) t h e  r a t e  of spore des-  

i c c a t i o n  during hea t ing ;  and c) t h e  equi l ibr ium r e l a t i v e  humidity of t h e  

system a t  temperature in f luence  t h e  d r y  h e a t  r e s i s t a n c e  of  E. s u b t i l i s  var .  

n ige r  spores .  

TDT tube appears  t o  be r e l a t e d  to t he  r a t e  a t  which water  vapor i s  d i f -  

fused from t h e  c a r r i e r  s y s t e m  t o  the  h o t  atmosphere wi th in  the  TDT tube.  

Closed systems (mated systems and water  impermeable, p l a s t i c  encapsulated 

systems) r e t a r d  o r  prevent  spore mois ture  loss dur ing  hea t ing ,  whereas, 

rap id  moisture loss during hea t ing  occur s  i n  open systems (naked su r faces ) .  

The r a p i d i t y  with which t h e  ERH i s  achieved w i t h i n  a sea led  
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TABLE 1. Effect of pre-treatment with acetone on the dry heat 
inactivation of Bacillus subti lis var. niger spores at 125.C - 

Exposure 
time in 

Acetone suspension of 
spores dried on paper 

Aqueous suspension of 
spores dried on paper 

No. of survivors 
recovered per strip 

6 

No. of survivors 
recovered per strip 

4 750 5.7 x 10 

O I  295 x lo6 I 290 x lo6 

Aqueous suspension of spores 
dried on paper* 

Blended and di- Blended and di- 
luted in acetone luted in water 

13.5 lo7 17 lo7 

3 I 4.25 x lo6 

Acetone suspension of spores 
dried on paper* 

Blended and di- Blended end di- 
luted in acetone luted in water 

9 lo7 7 8 x 10 

6 5.05  x 10 

TABLE 2. Number of Bacillus subtilis ver. niger spores on paper 
strips surviving one h0ur~e-C 

dry heat in sealed TDT tubes 

*Number of spores per strip of paper: 
Paper inoculated from water suspension = 20 x lo7 per strip 
Paper inoculated from acetone suspension = 15 x lo7 per strip 
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TABLE 4. ZD values of Bacillus subtilis var. niger spores 
obtained in various test systems 

Test SySt4HIl 

F i  1 ter paper 

Stainless steel (surface) 

Between stainless steel washers 
(150 in.-lbs. torque) 

Lucite (encapsulated) 

Epoxy (encapsulated) 

12.9 

20.8 

32 .O 

20.7 

21.4 

9% Confidence 
interval 

(C') 

12.5 to 13.4 

19.3 to 22.6 

28.2 to 36.8 

19.3 to 22.1 

20.8 to 22.1 
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FIGURE 2 
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